Abstract-Repeated pulsed electrical stimulation is used in a multitude of neural interfaces; damage resulting from such stimulation was studied as a function of pulse duration, electrode size, and number of pulses using a fluorescent assay on chick chorioallontoic membrane (CAM) in vivo and chick retina in vitro. Data from the chick model were verified by repeating some measurements on porcine retina in-vitro. The electrode size varied from 100 m to 1 mm, pulse duration from 6 s to 6 ms, and the number of pulses from 1 to 7500. The threshold current density for damage was independent of electrode size for diameters greater than 300 m, and scaled as 1 2 for electrodes smaller than 200 m. Damage threshold decreased with the number of pulses, dropping by a factor of 14 on the CAM and 7 on the retina as the number of pulses increased from 1 to 50, and remained constant for a higher numbers of pulses. The damage threshold current density on large electrodes scaled with pulse duration as approximately 1 0 5 , characteristic of electroporation. The threshold current density for repeated exposure on the retina varied between 0.061 A/cm 2 at 6 ms to 1.3 A/cm 2 at 6 s. The highest ratio of the damage threshold to the stimulation threshold in retinal ganglion cells occurred at pulse durations near chronaxie-around 1.3 ms.
Several groups, with different approaches, have proposed such designs for implants that would provide visual perception [5] [6] [7] . The most developed approach in the field stimulates retinal cells with an applied electric field. Acute and chronic electrical stimulation of the retina in patients with neurodegenerative diseases using arrays containing up to 16 electrodes has demonstrated the possibility of imparting perception of light, the detection of motion, and even simple shape discrimination [8] , [9] .
Electrical stimulation of neural cells is a powerful and broadly applicable therapeutic technology utilizing the voltage sensitivity of transmembrane ion channels and other fundamental processes of cellular electrical signaling. Therapies relying on electrical stimulation, such as deep brain stimulators, cochlear implants, or pacemakers often expose sensitive tissues to electric fields at supraphysiological levels. The concern for damage from chronic stimulation necessitates a detailed investigation of the damage thresholds. Several groups have investigated damage levels and mechanisms in various systems, including the cortex [10] , heart [11] , and to a much smaller degree, the retina [12] , [13] . However, these studies have investigated only a very narrow set of parameters and have evaluated damage subjectively. A more thorough exploration of the scaling of the damage threshold with these parameters will help determine the optimal electrical stimulus for safe operation and perhaps elucidate the mechanisms of cellular damage.
The work of McCreery et al. (the publication most cited by the retinal prostheses community) established the current tenet in a series of experiments where the authors applied pulsed electric fields to the cat cortex in vivo with charge-balanced 400 s pulses at 50 Hz over the course of 7 h [14] . In these experiments, tissue damage thresholds were defined in terms of current density and total injected current using electrodes of various sizes. Charge injection was fixed at 1 C/phase, while the size of the electrode was varied in the first set of experiments. The authors determined the damage threshold charge density of 100 C/cm on an electrode size of 0.01 cm . In the second experiment, when the charge injection was varied on a fixed electrode size of 0.5 cm , damage was detected with a charge of 6 C/phase and greater, corresponding to a threshold charge density of 12 C/cm . Since neither charge per phase nor charge density were conserved in these measurements, McCreery et al. concluded that the damage threshold is determined by an as yet-to-be-understood combination of the injected charge per phase and charge density. Shannon proposed an empirical model considering both charge density and charge per phase that was designed to agree with McCreery's data [15] , but the manuscript contained little physical explanation to validate extrapolating the damage thresholds for arbitrary electrode sizes or levels of current injection. There has been even less investigation into the dependence of the damage threshold on pulse duration. This is in contrast to the strength-duration relationship of excitable cell stimulation, which has been well studied [16] [17] [18] [19] [20] .
This study was motivated by the need for better understanding of the safe limits in acute and chronic electrical stimulation of biological tissue in general and retinal tissue in particular. We explore the dependence of the damage threshold on electrode size, pulse duration, and number of pulses using non-neural (chick chorioallontoic membrane in vivo) and neural (chick retina in vitro) tissue. In various experiments, damage thresholds were also determined in adult mammalian retina to ensure that the embryonic chick retinal model is appropriate.
II. METHODS
Electrical stimulation was blanced-biphasic, with similar durations in both phases, and leading with the cathodal phase. All durations that will be mentioned refer to the pulse length per phase. Biphasic pulses were generated by a combination of two separate synchronized, monophasic voltage pulse generators. The output current was determined by measuring the voltage drop across a resistor connected between the return electrode in the medium and the ground electrode of the pulse generator, as shown in Fig. 1 .
Tissue damage was assessed using a standard membrane permeability assay based on propidium iodide (PI) fluorescent dye (Sigma-Aldrich, St. Louis, MO) [21] [22] [23] . PI is a normally cell-impermeant molecule, which undergoes a 40-fold enhancement of fluorescence upon binding to nucleic acids. PI fluorescence of the cell indicates abnormal permeability of the cell membrane or even disintegration of the membrane and nucleus [24] , [25] . Even though transient permeabilization of the cell membrane does not always lead to immediate cellular death, it is certainly of abnormal state and cannot be sustained chronically. For the assessment of fluorescence, the tissue was imaged through an emission filter (Chroma, Rockingham, VT) positioned in front of the objective lens of a stereomicroscope (Bausch & Lomb, Rochester, NY) with the excitation illumination provided by a fiber-coupled Xenon lamp (OTI, XE-Lite, Toronto, ON, Canada) through an excitation filter. PI was added to the medium prior to the treatment and fluorescence of the tissue was assessed 15 min. after completion of the electrical insult.
Cellular damage can result from the direct effects of the electric field (e.g., electroporation) as well from the toxic products of the electrochemical reactions at a metal-electrolyte interface. Platinum electrodes with a very large exposed surface area eliminated the possibility of any cellular toxicity from chemical byproducts of the electrical current. The large electrodes were placed in saline-filled glass pipettes with a much smaller aperture to minimize the injected current densities at the electrode electrolyte interface, and the electrical return was placed far away from the pipette tip, as illustrated in Fig. 1 . Glass pipettes were heated with a laser and pulled to a determined size using a standard pipette puller (P-2000, Sutter Instruments, Novato, CA); pipette diameters ranged from 0.05 to 1 mm in diameter in this investigation. Due to the large size of the metal electrodes, inside and outside the pipette, compared to the pipette aperture, the electrochemical potential drop at the metal surfaces was negligible compared to the resistive voltage drop in front of the aperture. Therefore, the pulse of current reproduced the square shape of the voltage pulse input; dividing the voltage by the measured current determined the impedance of the pipette. Pipette impedance was measured before each experiment to ensure that the circuit was functional and the pipette tip was not blocked-a test especially important for smaller pipettes. The pipette was mounted on a 3-D micromanipulator to position the aperture against the surface of the tissue. Two stereoscopes oriented at different angles were used to monitor the orientation and location of the pipettes. Fluorescence was detected using a stereoscope directly above the sample, while the assessment of the distance and orientation of the pipette relative to the tissue surface was better observed with the second microscope oriented 60 to the surface of the tissue.
Chicken embryos (E15 to E19) were used for most of the measurements because a large amount of tissue was required for this multivariable study and chick embryos offer an effective and practical in vivo and in vitro model for such experiments. Additionally, this source does not require an extensive animal protocol during this period of development [26] . For in vivo measurements on chorioallantoic membranes (CAM), the top air-filled portion of the eggshell was cracked and removed. The shell membrane was then separated from the CAM and removed [26] , and the CAM was subsequently covered with Dulbecco's phosphate-buffered saline (DPBS) without phenol red (Invitrogen). The pipette was brought into close proximity to the tissue, while the return electrode was placed in the medium at least 1 cm away from the pipette. All measurements were performed at room temperature.
For in vitro measurements on chicken retina, the eyes were removed immediately after decapitation, hemisected, and placed in the medium. The vitreous was removed from the eyecup, and an incision was made through the sclera and choroid. The sclera was then removed and the retina was placed in a Petri dish oriented with the photoreceptor side up-toward the pipette, as shown in Fig. 1 . Porcine retinal preparations were performed 1 h after euthanasia and enucleation. The eye was hemisected with a scissor and placed into Hank's buffered salt solution (HBSS) (invitrogen), where the vitreous, sclera, and choroid were immediately separated from the retina. Upon extraction, the retina was cut into 1-cm portions and placed photoreceptor-side up in a Petri dish.
Trials for the assessment of damaging current density levels on CAM and retina were taken for up to 2 h on each tissue preparation while samples were kept in HBSS at room temperature. During this period, the background fluorescence, measured in areas where tissues were not exposed to any electricity, remained low and the damage thresholds under identical settings remained constant. Every measurement was performed on an untreated region of the tissue. Tissue damage was determined by the appearance of a circular fluorescent pattern with its size similar to the pipette diameter and brightness exceeding the background level by at least a factor of two. Typically, the fluorescence of the damaged tissue increased a couple minutes after the treatment, but we allowed 15 min of delay for accurate determination near the threshold levels. Each data point was determined after five identical trials that consistently demonstrated either safe or damaging levels of stimulation.
III. RESULTS
We applied pulsed stimulation to CAM in vivo and to the retinal preparations in vitro with pulse durations in the range of 6 s/phase to 6 ms/phase, using tapered pipette electrodes with inner diameters ranging from 0.05 to 1 mm. Impedances for such pipettes ranged from 1.7-10.2 k . For each setting, the current was increased until the fluorescent dye became detectable. The two points plotted in Figs. 3-6 for each pulse duration represent the maximum current density that reproducibly maintains PI exclusion from the cell and the minimum current density that reproducibly leads to the appearance of PI fluorescence. Images of typical damage patterns are shown in Figs. 1 and 2. At current densities near the damage threshold, the cells exhibit damage along the perimeter of the pipette while the tissue apposed to the interior region of the electrode is relatively unharmed. At higher current densities, when the electric field exceeds the damage threshold inside the circle, the whole disk exhibits a fluorescence that also extends beyond the boundaries of the pipette. The fluorescence image of a damaged region of CAM Fig. 2(a) , is shown with a sectional histogram of image intensity [ Fig. 2(b) ]. Fig. 2(c) compares this to the distribution of the electric field from a pipette of diameter 120 m [27] . Cross-sectional slices of PI-stained retina demonstrated that typically all three layers of nuclei (outer nuclear layer, inner nuclear layer, and ganglion cell layer) were fluorescent after damage.
The effect of the number of pulses on the damage threshold was investigated on both CAM in vivo and retina in vitro. To eliminate variability from the dynamics of PI uptake with the cells [28] , the total exposure time was defined as 5 min and the number of pulses within that window was adjusted by varying the pulse repetition rate. Data in Fig. 3 represent the variation of the damage threshold with the number of pulses normalized to the damage threshold obtained with a single pulse. The damage threshold rapidly decreases with the number of pulses, reaching a stable minimum level as the number of pulses exceeds 50. These sustained thresholds in the retina and in CAM were approximately 7 and 14 times lower, respectively, than the single-pulse levels. Pulse durations in these measurements were 60 s for CAM and 600 s for the retina. A similar dependence was observed at other pulse durations (data not shown).
In the following tests, we defined the "regime of sustained repetitive pulsing" as 7500 pulses (25 Hz during 5 min). As shown graphically in Fig. 3 , this pulse number exceeds the minimum (50) by more than two orders of magnitude. The chronic damage threshold might further decrease if exposure were extended to hours or even days. However, both the CAM in vivo and retinal in vitro preparations were found to survive for only a few hours. The techniques and models required for an experiment exploring a true chronic exposure would limit the investigation to only a small number of data points, similar to previous studies of this type [14] . By using an animal model that provides a fast and simple tissue preparation, convenient accessibility, and imaging of live tissue, a broad parameter space can be explored, though with limited exposure time. with sustained repetitive exposures (solid symbols). Current density relates to pulse duration t roughly as t , which is characteristic of electroporation [29] , [30] . For comparison, the damage thresholds of the brain cortex by chronic stimulation in-vivo (3) [14] and of the porcine retina by single pulses in-vitro (2) are presented on the same plot.
The strength-duration relationships for single-shot and for sustained repetitive exposures delivered to CAM in-vivo and to retina in-vitro with a pipette of 1-mm diameter are shown in Fig. 4 . For comparison, we present, on the same plot, results from the previous study of chronic mammalian neural tissue exposure in vivo using similarly sized electrodes [14] . The data obtained with sustained exposuresare in good agreement with McCreery's chronic mammalian in vivo data [14] , labeled with a star in Fig. 4 . Both the single pulse and the sustained damage thresholds scale with pulse duration approximately as : the power fit slopes are and in the chronic regime, and and with the single shots on CAM and retina, respectively. Also shown are two data points taken on porcine retina in vitro in a manner similar to the measurements on the chicken retina. Porcine retina is a popular model in the retinal prosthesis community, and the good agreement of these results with the chicken retinal results supports the validity of the chicken embryo model for these measurements.
The effect of electrode size on the damage threshold during sustained repetitive stimulation is shown in Fig. 5 . These measurements were performed with only one pulse of duration 60 s on CAM and 600 s on the retina. Different pulse durations were used for the two different tissues to yield similar damage thresholds on large electrodes (1 mm in diameter) for convenience of depiction on the same plot. The damage threshold current density is virtually independent of electrode size when electrodes larger than 0.3 mm are used. However, with smaller electrodes, the threshold current density increases with decreasing size; for very small electrodes, it scales with the reciprocal of the square of the pipette diameter. Therefore, small electrodes appear to act as a "point source," a regime in which the total current rather than current density determines the damage threshold. In this regime, for the plotted curves, the total current that causes damage on retina and CAM is 139 Fig. 5 . Dependence of the threshold current density on pipette diameter for sustained exposures on retina and CAM. Solid and dashed lines represent the current density at the tissue, calculated using the model of a disk electrode located at the distances of 57 m for CAM and 125 m for retina. Pulse duration of 60 s/phase was used for CAM and 600 s/phase for the retina. In the regime of constant current, electrodes smaller than 200 m, the threshold value of total current for damage is 139 A on retina and 55 A on CAM. and 55 A, respectively. The nature of the damage threshold dependence on electrode size will be further discussed.
The strength-duration dependences of the damage threshold, measured with pipettes of two different diameters-0.115 and 1.0 mm-are shown in Fig. 6 .
Interestingly, not only are the absolute levels somewhat different, but the slopes are also for the large pipette and for the small one. For comparison, the plot also includes the strength-duration curves for stimulation thresholds measuring in-vitro on the rabbit retina using similar electrode diameters by Jensen et al. [16] .
IV. DISCUSSION
As shown in Fig. 4 , the damage threshold current density relates to the pulse duration roughly as . Such scaling is characteristic for electroporation, a process in which nanometerscale pores form in the lipid bilayer of a cell membrane under the pulsed electric field [29] , [30] . Such scaling means that the charge density, , is not conserved along the strength-duration curve. This observation contradicts the earlier assumption that the charge and the charge density per phase are the only determinants of the damage threshold [14] , [15] . The sustained level of the damage threshold for CAM in our experiments is very similar to that measured during chronic in vivo stimulation of the cat cortex using a large (0.5 cm ) electrode [14] . The current density threshold for damage in retinal tissue appears to be three times higher than that for damage in CAM.
In addition to the direct effect of an electric field on a cellular membrane (electroporation), cellular damage can be caused by changes in pH, the toxic leaching of electrode materials into the electrolyte, or by cellular hyperthermia. To avoid formation of toxic byproducts on electrodes, platinum wire bundles with a very large surface area exposed to the electrolyte were inserted into the pipette electrodes. This design allowed surface current densities on the platinum wires to remain very low (well within the electrochemically safe range) while current densities at the aperture of the tapered pipette were much higher than a metal disk electrode of the same size would allow. Similar considerations were made for the large platinum return electrode.
Electric current produces Joule heat in the medium that, in principle, could lead to cellular hyperthermia and account for the damage seen. To assess the temperature changes in our experiments, we estimated the Joule heating from the electrode as follows. The time constant for heat diffusion across a distance can be estimated as , where thermal conductivity for water is 0.14 mm s. Thus, thermal diffusion across a distance comparable to the electrode radius of 50 will take about 4.5 ms, while for 0.5 mm, it will take 0.45 s. Thus, for pulse durations and electrode sizes used in this study, the peak temperature after application of a single pulse can be estimated assuming the heat confinement conditions. On the other hand, the temperature rise during chronic stimulation can be estimated based on a steady-state temperature distribution achieved during infinitely long exposure.
The peak temperature reached after a single pulse can be estimated assuming that the current emanates from a spherical electrode equal in size to the pipette diameter. A temperature rise on a surface of a spherical electrode with radius , by the end of a pulse with energy , will be , where and are the heat capacity and density of water, respectively [31] . The energy of a square pulse of current of duration is . Here, the resistance of the medium between the spherical electrode of radius and a large return electrode at infinity is , where is the resistivity of the medium (100 cm in our case). Since on the surface of a spherical electrode the current density is , the temperature rise can be rewritten as . If the damage threshold current density relates to pulse duration as , the peak temperature remains constant along the whole strength-duration curve. For a current density and a pulse duration of ms, mK. Thus, no hyperthermia should be expected after the application of a single pulse at the damage threshold levels.
An upper estimate of the temperature rise on the surface of a spherical electrode during chronic stimulation can be obtained assuming that the heat is generated within a volume comparable to the size of the electrode and that the steady-state temperature distribution outside that sphere is determined by heat diffusion , where is the average power dissipated in the medium and is the heat conductivity of water. For pulses applied at frequency , and, thus, . For mm, Hz, A/cm , and ms, mK. Therefore, no hyperthermia can be expected as a result of chronic stimulation with a repetition rate of 25 Hz at the current density corresponding to the sustained damage threshold levels observed in our experiments.
The measured dependence of the threshold current density on electrode size, shown in Fig. 5 , can be predicted by calculating the current density at the target cell located at a distance in front of the disk electrode which has a uniform current density on its surface . In other words, to produce a threshold current at distance , the current density at the electrode should be , where . This function best matches the experimental data for the retina with m, and for CAM with m, as plotted in Fig. 5 . With the electrode much larger than the distance to the target tissue, and ; the current density determines the damage threshold. As the pipette becomes smaller than the distance to the tissue, , the current density scales quadratically with the distance since , and the total current is conserved. This implies that a small electrode acts as a point source for the electric field and the total current rather than current density on the electrode determines the damage threshold. Although the disk model describes the general scaling of the damage threshold with distance and the size of the electrode rather well, this model is limited in its precision since it does not take into account variations of the tissue impedance and the enhancement of the electric field at the edges of the disk electrode. Fig. 2 shows the damage pattern observed when current densities are close to the threshold levels. In this case, only the enhanced electric field at the periphery exceeds the damage threshold, while the central part remains undamaged. For illustration, an estimated threshold of the cellular damage is shown with the horizontal line. When the current density was significantly larger than the threshold value, the damage pattern appeared as a solid disk.
Our principle motivation for studying the damage thresholds was to determine the safety limits for retinal prosthetics. Comparison of the damage levels to the neural stimulation thresholds determines the width of the safe therapeutic window for retinal stimulation. In Fig. 6 , we compare the sustained retinal damage thresholds for two electrode sizes (0.12 and 1 mm in diameter) with data taken from the study by Jensen et al. on the stimulation thresholds of the rabbit retinal ganglion cells using similar electrode sizes (0.125 and 0.5 mm) [16] . Note that the damage thresholds were not determined in this study for the 0.5-mm electrode size used by Jensen et al., but the results summarized in Fig. 5 show little change in damage thresholds between the 0.5-and 1-mm diameter electrodes.
Comparing the damage and the stimulation thresholds allows for a determination of the optimal pulse duration at which the width of the safe therapeutic window is the largest. The ratio of the damage threshold, approximated as , to the stimulation threshold, approximated as [32] , is plotted in an insert on Fig. 6 . These ratios reach their maxima, 88 and 106, at pulse durations of 1.4 ms and 1.3 ms for 1.0-mm and 0.12-mm pipettes, respectively. A dynamic range of 100 is sufficiently broad to cover the linear response range of the neural cells (typically in the range of 10-30 [33] , [34] ) and, thus, is quite adequate for the purpose of prosthetic vision. It is important to note that although the damage and the stimulation thresholds are dependent on electrode size, their ratio, which determines the dynamic range of safe stimulation, appears to be practically size independent. Interestingly, recent measurements in vivo of the stimulation threshold in humans (electrode size 0.4 mm, ms, A/cm ) [35] and the damage threshold in rabbits (electrode size 0.4 mm, ms, A/cm ) [13] result in a just slightly lower ratio, 46.
V. CONCLUSION
This study determines regimes of safe electrical stimulation depending on the electrode size, pulse duration, and number of pulses. For electrodes of diameters larger than the distance to the target cells, the current density determines the damage. For small electrodes (diameters less than 200 m in our experiments), which act as point sources, the total current determines the damage threshold. Threshold current density scales with pulse duration approximately as . This implies that the charge is not conserved along the strength-duration curve, and that the width of the safe therapeutic window (i.e., the ratio of damage threshold to stimulation threshold) depends on pulse duration.
